Non-equilibrium atmospheric pressure plasma jet (APPJ) is a cold plasma source that promises various innovative applications. The influence of Penning effect on the formation, propagation, and other physical properties of the plasma bullets in APPJ remains a debatable topic. By using a 10 cm wide active electrode and a frequency of applied voltage down to 0.5 Hz, the Penning effect caused by preceding discharges can be excluded. It was found that the Penning effect originating in a preceding discharge helps build a conductive channel in the gas flow and provide seed electrons, thus the discharge can be maintained at a low voltage which in turn leads to a smaller propagation speed for the plasma bullet. Photographs from an intensified charge coupled device reveal that the annular structure of the plasma plume for He is irrelevant to the Penning ionization process arising from preceding discharges. By adding NH 3 into Ar to introduce Penning effect, the originally filamentous discharge of Ar can display a rather extensive plasma plume in ambient as He. These results are helpful for the understanding of the behaviors of non-equilibrium APPJs generated under distinct conditions and for the design of plasma jet features, especially the spatial distribution and propagation speed, which are essential for application. V C 2014 AIP Publishing LLC.
Influence of Penning effect on the plasma features in a non-equilibrium atmospheric pressure plasma jet
I. INTRODUCTION
In the past decade, researchers in physics also devoted much attention to the development of physical methods and techniques that can be applied to biology and biomedicine. One remarkable example is evidenced in the various lowtemperature plasma sources that can generate active materials to be applied to the living bodies. [1] [2] [3] The plasma used for this situation is often required to be operatable in the ambient air and even to be neutral when arriving at the object surface so as to avoid any uncomfortable charging effect. Among the many possibilities of plasma sources under investigation, the non-equilibrium atmospheric pressure plasma jet (APPJ) that using He or other gases to generate a cold plasma plume in ambient is impressively promising. 4 With deepening research into the non-equilibrium APPJs, people become more and more concerned with the detailed generation process and exact features of this peculiar plasma. For instance, in 2005 Teschke and coworkers 5, 6 noticed that in the APPJs generated with a glass cylinder for producing dielectric barrier discharge (DBD), the plume in the air seems to be a conical glow to the naked eye; however, in the photographs taken by using an intensified charge coupled device (ICCD) with a typical gate time of 100 ns, the plume is found consisting of high-speed (up to 15 km/s) "bullet-like" plasma balls. More importantly, these plasma "bullets" are hollow. This interesting observation has drawn worldwide attention, and many laboratories have been involved in the research of this topic since then. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Lu and Laroussi observed similar plasma bullets in a slightly modified device and explained the high traveling speed of the plasma bullet under low electric field by using the Dawson photoionization mechanism. 7 In contrast, Sands and coworkers proposed the streamer-like concept for the bullet, 8 claiming that the properties and dynamics of the plasma jet are directly analogous to those of a positive corona streamer. By using two photomultipliers to monitor the light emission at different places, Jiang and Cao of the current authors pointed out that although usually a DBD configuration was utilized for the generation of such a jet, it is however irrelevant to the DBD process. Rather, the jet originates in the corona streamers starting from the edges of the active electrode, thus it could be equally generated with one single active electrode. 9 The structure of the plasma bullet is also relevant with the working gas. Even though it is believed that all the inert gases can be used to generate the non-equilibrium APPJs, they are however most frequently generated by using He or a mixture of He with Ar, N 2 , or other active gases in order to improve the homogeneity of the plume and/or to generate the chemical species to be used. Our previous work indicated that the plasma jets of Ar and He may differ a lot. The most essential difference is that the plasma jet of He is hollow, whereas that of Ar is consisted of filamentous (micro)discharge (cf. Figs. 2 and 3 in Ref. 10) , an intriguing phenomenon which has been extensively investigated in recent times. [17] [18] [19] Over the hollow "bullet" in the plasma jet of He there are various opinions but up to now no consensus has been reached. hollow bullet was dubbed an annular plasma donut, and pointed out that it is probably a solitary ionization surface wave. 11 From the absorption spectral analysis for He metastable 2 3 S 1 particles, it was found that the radial distribution of the excited species in the plasma plume had a hollow shape in the positive voltage phase, confirming that the streamer goes along the He/air interface. This reminds us that hollow structure of the jet may be related to the Penning effect. Sakiyama et al. compared the light emission measurements with the numerical solution on the basis of a fluid model with local field approximation, concluding that the Penning effect must play a role in the formation of the hollow bullet.
14 By adding Ar or N 2 into He, 15, 16 the hollow bullet can be made into a "solid-disk" shape. This again reminds us of the effect of Penning process, since the presence of impurities enables the Penning process to occur not only at the gas flow/air interface but also inside the gas flow.
In contrast to the conclusion drawn from experimental results, numerical simulation claims that the Penning effect is not so decisive to the formation of annular bullet. [20] [21] [22] Naidis believed that the direct ionization via collision with electrons at the He/air interface is the main reason responsible for the formation of annular bullet, Penning effect being not so crucial. 20 Breden et al. attributed the formation of annular bullet to the presence of a medium of high break-down threshold-without the presence of air or some other gas having a higher breakdown threshold than the jet core gas, the plasma discharge from the tube will not propagate into the open gap and will remain confined to the dielectric wall as a surface discharge. 21 They claimed that on the propagation of the streamer, air photoionization has an impact greater than the Penning ionization. The numerical simulation by Boeuf et al. further indicated that the annular bullet originates in the distribution of electrons ahead of the streamer front generated by the discharge and the distribution of the electrical field thereof. 22 From the argument above, we see that the experimental results tend to attribute the formation of annular bullet to the enhancement of discharge by Penning ionization along the He/air interface among which the light absorption measurement 13 is particularly convincing, while the numerical simulations, in particular, those adopting a selfconsistent two-dimensional modeling, concluded that the Penning ionization plays only a minor or secondary role. Numerical simulation, unlike experiment, is free of any unaware disturbances, thus is expected to be more reliable. Yet the final judgment should be made on strictly controllable experimental verification.
We recognized that in a He discharge the Penning effect may originate in both the ongoing discharge process and the preceding discharges, thus it should be discussed by first making a distinction between these two origins. In an actual experiment, in order to observe the propagation of the plasma bullets the discharge must be very stable to achieve an acceptable reproducibility, therefore the frequency of the driving voltage, in pulse or in sinusoidal wave form, must be over 1 kHz. Consequently, the plasma jet always propagates in an environment with some residual particles left behind by the preceding discharges. Among the known residual particles, the metastable He* particles have the longest lifetime, 23 they are certainly capable of exerting influence upon the propagation of plasma bullet in the current discharge process.
In this work, the role of Penning effect in influencing the behavior of plasma bullet in the non-equilibrium APPJ is illuminated by comparing the ICCD images of the plasma bullets of He obtained with the conventional and the particularly chosen experimental conditions (wide active electrode and very low-frequency voltage). With the addition of NH 3 into Ar to introduce Penning effect, the filamentous discharge of Ar can be turned to quite extensive as in the case of He. These results are helpful for the understanding of the behaviors of APPJs and for the optimization of plasma jet features, especially the spatial distribution and propagation speed, which are essential for application.
II. EXPERIMENT AND RESULTS
We performed two sets of experiment. The first set was done on a device of which the detailed description can be found in Ref. 9 . Briefly, plasma jets were generated in a quartz capillary tube with an inner diameter of 0.2 cm and an outer diameter of 0.35 cm, and with high-purity (5N) helium gas fed in at a flow rate of 3 l/min. The conventional double electrode configuration for obtaining DBD, as used by Teschke, 5 was adopted, with the active electrode sitting on the downstream side at $1.0 cm from the orifice of the tube. Notably, the two electrodes, made of aluminum foil, have a width of 2.0 cm and were separated at 3.0 cm. A sinusoidal voltage at 17 kHz was applied for the launching and sustaining of the discharge. The ground electrode was connected via a resistor to the earth for current measurement. Two photoelectron multiplier tubes (PMT, denoted as T 1 and T 2 ) with their slits pointing to a position of 0.5 cm and 1.5 cm away from the orifice of the tube to monitor the light emission from plasma plume in ambient. An oscilloscope (Tek DPO4104) was used to simultaneously record the applied voltage, the discharge current, and the signals from the two photoelectron multiplier tubes (see Fig. 2 in Ref. 9) .
Before further experiment, we first recorded the discharge current, the voltage, and the PMT-registered signals of light emission caused by the passing of a plasma bullet, before and after the first breakdown. The procedure goes as follows: setting the oscilloscope at the current-trigger singletime record mode, increasing the applied voltage until breakdown occurs, the oscilloscope would register the current, and the voltage and the PMT signals in this course ( Fig. 1(a) ). From Fig. 1(a) , we see that the discharge was to be launched when the applied voltage surmounts 10 kV. No discharge current or PTM signals were measurable before the discharge was triggered.
We noticed that the triggering voltage for the first breakdown, in every new round of experiment, was not fixed, albeit always roughly over 10 kV, and a successful triggering could occur in the proximity of both positive and negative voltage crests, with equal probabilities. Fig. 1 displays a breakdown occurs in the proximity of the positive voltage crest. By observing the characteristic curves of the discharge, it is easy to see that those for the first breakdown are quite different from the subsequent ones.
Figs. 1(b) and 1(c) display the fine-resolved curves around the first and second breakdowns presented in Fig.  1(a) . The first breakdown has the following remarkable features: (i) the voltage required to trigger the discharge is higher (over 10 kV), whereas it is much lower for the following discharges; (ii) the discharge current is larger by an order of magnitude than those for the following discharges, and the PMT signals are also doubly intensive; and (iii) the first breakdown propagates much faster. The averaged speed of the plasma bullet in the ambient can be estimated from the time interval between the PMT signals. Based on the data in Figs. 1(b) and 1(c), the averaged speed of the plasma bullets generated in the first and second breakdown measures 5.6 Â 10 5 m/s and 4 Â 10 4 m/s, respectively, differing by a factor of 14.
Although the averaged bullet speed may vary from experiment to experiment that for the first breakdown is always at least 5 times larger than that for the subsequent ones. In every round of experiment, we started from obtaining the results presented in Fig. 1 and then a considerably reduced applied voltage suffices to maintain a stable discharge-for such a device and such working parameters, it is 3-4 kV. Based upon the aforementioned observations, we speculated that there is something left from the preceding breakdowns, that is, involved in the subsequent discharge process. It needs be clarified for a better understanding and control of the plasma jet.
In order to conduct a comparative study on the profiles of the plasma bullets that are formed with and without involving any residual excited particles in the helium channel from preceding breakdowns, we did another set of experiment using a setup illustrated in Fig. 2 . A thicker quartz tube with an inner diameter of 0.55 cm and an outer diameter of 0.8 cm was used in order to obtain a clear picture of plasma bullet. The electrodes are made of copper foil of 50 lm in thickness. The active electrode on the downstream side is now 10 cm wide, with its outer edge at $1.0 cm from the orifice of the quartz tube. Such a wide active electrode can prevent the impact of DBD on the streamer outside the active electrode. The separation between the electrodes is 2 cm, and the flow rate of the helium gas was set at 5 l/min.
The power supply now consists of two parts: an arbitrary waveform generator (TGA1242) to deliver a pulse and an amplifier (Tek 20/30 A) to amplify the voltage by a factor of 3000. The high voltage was connected to the oscilloscope (Tek DPO4054) through a high-voltage probe (Tek P6015A). At the same time, the discharge current from the current probe (Pearson 2877) was also fed into the oscilloscope. The oscilloscope also registers the signal of a PMT aiming at a position 0.5 cm away from the orifice of the tube via an optical fiber, and the gate signal of the ICCD (Andor, iStar DH 334 T-18U-03). Both the side view (camera position I) and front view (camera position II) of the plasma plume were photographed, see Fig. 2 . The macro lens (Tamron 90 mm F/2.8), when used in the macro large aperture mode, has a depth of field less than 0.1 cm, this thus guarantees that the object to be photographed is from the preset focal plane.
In the previous works, the frequency of the applied voltages, pulsed or in sinusoidal form, is generally over 1 kHz to achieve a stable discharge. This unavoidably leads to the situation that the residual particles from preceding breakdowns are involved in the subsequent discharge process or even play a pivotal role. To shun such a situation, we used the power supply with a frequency of only 0.5 Hz. From the flow rate and the inner diameter of the quartz tube, the flow velocity of the gas is estimated to be roughly 12 m/s; that is, to say that in a time interval of 2 s, the gas flow may run 24 m away. Thus, all the possible residual particles generated in the preceding discharges will have been evacuated from the discharge zone. A voltage pulse, roughly in a triangular waveform, was used to trigger the discharge (Fig. 2) . Fig. 3 illustrates the voltage, the discharge current in a typical discharge process obtained with the setup in Fig. 2 .
In order to resolve the voltage at breakdown, Fig. 3 displays only a time window of $1.0 ms, beyond which the voltage is actually zero. We see that the voltage rises at a rate of 4 Â 10 4 kV/s. From Fig. 3(a) , one sees that the breakdown occurs at 14.6 kV. In fact, this breakdown voltage varies randomly in a certain range. Following the theory and practice of gas discharges we know that when the voltage will reach the threshold value for breakdown to occur depends on the nature of the working gas, the geometry of the electrodes, etc. Moreover, whether a breakdown occurs is also related to an accidental factor which is characterized by a temporal retarding parameter DT. 20 From the experimental point of view, this is the time interval waiting for the presence of a seeding electron, which is clearly random by nature. In fact, with the current experimental setup and the adopted working parameters, the first breakdown occurs with a transient voltage falling in the range of 12-17 kV. Due to this indeterminacy of the breakdown voltage, it causes a lot of difficulties for obtaining an ICCD image of the plasma bullet. In this situation, it is unrealistic to choose a voltage value to trigger the moment of ICCD gate opening. Therefore, we used the position of rising discharge current at the moment of breakdown to set the zero point for the timing of the ICCD camera. It should be emphasized that the discharge current arises from the DBD between electrodes, whereas what interests us is the streamer discharge initiated from the outer edge of the active electrode. For the first breakdown in all the rounds of experiment, streamers from the two edges of the active electrode do occur at almost the same moment, which is in consistence with our previous observations. 9 As the active electrode is 10 cm wide, they will not interfere with each other. The uprising of the discharge current of the DBD, which also contains the contribution of the streamer developed at the inner side of active electrode, provides a starting point for ICCD timing. Moreover, the ICCD camera itself has a time delay of $85 ns, which should also be taken into account when setting the gate time for ICCD.
In order to obtain high-quality photographs of the plasma bullet in front view, we need the precise spatial information of the plasma bullet along the propagation direction; therefore, we first took photographs in side view, i.e., with the ICCD camera at position I in Fig. 2 . At the same time, the oscilloscope recorded the applied voltage, the discharge current, and the light emission signal arising from the passing plasma bullet. By comparing the gate signal relative to the temporal position of PMT signal and the position of plasma on the ICCD photograph, we can better understand the relation between the position of plasma bullet and the working parameters, so as to prepare the photographing of the plasma bullet in front view. Fig. 4(a) shows the image synthesized from ICCD photographs taken at position I (Fig. 2) on the background of a conventional CCD photograph of the experimental device. The ICCD photographs were taken at a gate time of 2 ns, showing the position of streamer in the ambient at that moment. They can be used to set the focal plane for photographing the plasma jets in front view. The left panel of Fig. 4(b) shows the front-view image of the plasma jet with the camera at position II focusing 1 cm away from the tube orifice, taken under the same condition as in Fig. 4(a) . As mentioned before, due to the randomness of the moment at which the discharge is triggered, even under the same condition the breakdown voltage shows some difference, and the position of the plasma bullet fluctuates. The photographing of the plasma bullet in the proximity of the focal plane can be guaranteed by repetitive photographing. For comparison, we also obtained an ICCD photograph of the plasma jet generated under otherwise the same conditions, but with the power supply of a sinusoidal wave at 23 kHz (right panel of Fig. 4(b) ). Figure 1 clearly indicates that the first breakdown in every round of experiment differs a lot from the subsequent discharge processes. This is to say that there are two distinct environments for the propagation of streamer in the study of the APPJ of He, which have escaped our notice in previous works. For the first breakdown process, before the passing of the first streamer, the He channel is original, free from metastable He* particles, thus even on the He/air interface there is no generation of seeding electrons via Penning effect. In this case, the streamer propagates via photoionization described by Dawson theory. At the front of the plasma bullet, He* particles will be generated, as pointed out by Sands et al., 8 but the propagation speed of such species is much lower than the bullet, thus it has no impact on the formation and propagation of the plasma bullet. However, these active particles can invoke charging particles via Penning effect in the channel the bullet bypasses, being capable of raising the electrical conductivity in the gas flow and sustaining a conducting channel between the active electrode and the plasma bullet. For an indepth discussion of the transport mechanism of metastable particles in a discharge, the readers can consult Ref. 24 .
III. DISCUSSION
Moreover, for the first breakdown, there is no light emission in the proximity of the active electrode consequently no possibility for photoionization, it can only be promoted by the strong field at the active electrode to ionize the gas molecules or atoms, or from electron avalanche caused by a randomly appearing seed electron. This is why the first breakdown needs a higher voltage, and there is an uncertainty factor DT in its occurrence. Since a large voltage is applied, supposing that the profile of the bullet is roughly the same as the subsequent ones, then the field strength at its front must be much stronger. Following the theory of Dawson that the propagation speed of a positive streamer is proportional to the mobility of electrons at the front of the streamer, which is in turn proportional to the field strength, then it is easy to understand why the propagation speed for the first breakdown is much greater.
After the first breakdown, or after any successful discharge processes, there are some residual particles in the helium flow, particularly some He* particles which may last up to 2 s, resulting from the preceding discharges. The He* particles will continuously provoke Penning ionization which provides a steady source of seed electrons in addition to the photoionization effect. Following the numerical simulation by Naidis, 20 it is believed that Penning effect is not a necessity for the propagation of the plasma bullet, but in comparison to the first breakdown when the Penning effect is absent, there are more seeding electrons in the gas channel, thus the discharge can propagate more easily. Or the plasma bullet can propagate effectively with a weaker electric field on the front. The charges accumulated on the insulating inner surface of the tube, and the spatial charges generated via Penning effect, further reduce considerably the breakdown voltage. A lower voltage acting in the course of bullet propagation implies a weaker field strength at the discharge front, a smaller electron mobility, thus the bullet propagation is unavoidably slowed down. Fig. 1 indicates that from the second one on, the breakdown occurs when the voltage is only slightly over 0 kV, this of course is due to the accumulated charges on the inner surface of the tube, and the propagation speed of the plasma bullet is much lowered. By the way, just with a sinusoidal voltage at 2.5 kV (amplitude value) the discharge can be sustained. Even the capacity effect from the surface charges was also taken into account, the voltage available for maintaining the breakdown would be still only $5 kV, less than half of the voltage for the first breakdown. Here, with capacity effect we mean that the dielectric between the electrode and the discharge can be taken equivalently as a capacitor. The potential that the surface charges experience should be the sum of the applied voltage plus that generated by the surface charges themselves. The latter can be reasonably assumed to be less than the amplitude of the applied voltage.
The prerequisite for the Penning effect to occur in the APPJ of He is the presence of high density He* particles and of other gas molecules/atoms, which can be effectively ionized by He*. The latter appears at the He/air interface, and the former is available only in the process of discharging and thereafter. We did not measure the density of the He* particles present in the plasma jet, but from the measurement results on similar experimental setups and simulation in literature 13, [25] [26] [27] we know that it is usually in the order of 10 10 -10 12 /cm 3 . As often a frequency over 1 kHz was used in the operation of the cold APPJs, the two conditions above are all satisfied, consequently the contribution of Penning effect in determining the features of the plasma bullet cannot be excluded. With such a high frequency surely the discharge can be initiated, sustained, and stabilized at ease, but at the cost of a reduced propagation speed for the plasma bullet as breakdown already occurs at a lower field strength. Of course, to the discharge process itself the frequency is not a key factor, as every single high-voltage pulse can generate a streamer-like process.
In the previous research where the plasma bullet in the APPJs of He has a donut structure, there the Penning effect was unavoidably involved, then can it maintain such a structure in the absence of Penning effect arising from preceding discharges? Our result gives a confirmative answer to this question. In the left panel of Fig. 4(b) , the front-view image of the plasma jet was obtained with the frequency of the applied voltage at 0.5 Hz. In this case, the Penning effect arising from the preceding discharges can be excluded as it has sufficient time for the gas flow to wash away all the metastable He* particles from the discharge zone. This is also confirmed by the observation that the breakdown voltage now is exclusively over 12 kV. By contrast, the front-view image of the plasma bullet obtained with a power frequency of 23 kHz under otherwise the same conditions is clearer and complete (right panel in Fig.  4(b) ). The difference in the image quality comes from the difference in the propagation speed in these two cases. The bullet in the left panel has the same propagation speed at 5.6 Â 10 5 m/s as the first breakdown in Fig. 1 , implying that in an interval of 2 ns gate time, the bullet has moved for a distance of 1.12 mm, thus the image appears to be blurred as the depth of field for the macro lens is less than 1 mm. For the right panel in Fig. 4(b) , the propagation speed is estimated to be 2 Â 10 4 m/s, 5,9 so in the gate time it has moved only for 0.04 mm, which will not blur the image. Putting aside the influence of the bullet speed on the images, the right panel and left panel are quite the same: having a diameter of 2.75 mm and the intensity attenuating from top to bottom. The Penning effect arising from the preceding discharges has no evident influence on the profile of plasma bullet in the APPJs of He.
However, if we compare the features of the plasma jets of He and Ar, the difference still points to the fact that even the Penning effect solely arising from the current discharge process is pivotal. In the case of Ar, the discharge is filamentous and appears dominantly in the DBD zone between the electrodes, see Fig. 3 in Ref. 10 and Fig. 5(b) . The most probable reason is the absence of Penning effect since the metastable Ar* particles cannot efficiently ionize the air. It is of essential significance for the barrier discharges to obtain a homogenous discharge profile in conjunction with other controllable features, [28] [29] [30] [31] clearly, in the case of the nonequilibrium APPJs of Ar one can take the advantage of the Penning effect. By adding a small amount of NH 3 into Ar to introduce Penning effect, the discharge of Ar then assumes an equally extensive profile as that of He, and a long plasma plume in ambient can be achieved (Fig. 5(c) ).
IV. CONCLUSIONS
In summary, the role of Penning effect on the features of the cold APPJs generated by using a DBD device was illuminated. With or without the Penning effect arising from preceding discharges, the plasma bullet in the APPJ of He is always a positive streamer starting from the edge of the active electrode and maintains a hollow structure in the ambient. However, the active metastable He * particles can help maintain a conducting gas channel and provide seed electrons for the subsequent discharge process, thus greatly change the relation between the features of the discharge (including the discharge current and propagation speed of jet) and the working conditions (amplitude and frequency of the applied voltage, gas composition, etc.). The annular structure of the plasma plume in ambient, in the case of He, is not due to the Penning effect on the He/air interface. The plasma jet of Ar is filamentous in the absence of Penning effect, but it can be turned into equally extensive as the plasma plume of He by adding some easy-to-ionize gas, here NH 3 , to introduce the Penning effect. These results are helpful for the understanding of the behaviors of APPJ generated under various distinct conditions and for the control of features of the plasma jet, in particular the spatial distribution and propagation speed, which might be very important for application.
